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This paper will discuss the key differences between the classical and quantum 
interpretations of physics. 

Classical physics describes the world in two very distinet ways. Objects 
behave as particles or objects behave as waves. The distinction as to which, is 
determined by certain characteristics displayed by the object. For example, wave-like 
properties include wavelength, frequency, and interference pattems. Particles, on the 
other hand, are localized, and can be defined by position and momentum. The 
classical interpretation of the world States that a body can act as either a particle or a 
wave. Never both. 

Another aspect of classical physics is that properties of an object can have 
continuous values. In other words, characteristics of the object such as momentum 
and energy, can take any value. These values can be known to arbitrary accuracy. 
That is, it makes sense to talk about the position and momentum of an object with 
absolute certainty. 

The discovery of Quantum physics has demonstrated that this Classical view 
of the world is not quite complete. As further investigations take place, it becomes 
more and more apparent that the above assertions of physics can no longer explain 
certain experimental results. 

This paper will begin with the discussion of wave-particle duality. 

Wave-Particle Dualitv 

Young’s Double-slit experiment demonstrates the wave-like properties of 
light. The experiment consists of a beam of light shone through two neighbouring 
slits a small distance d apart, and hitting a screen a comparatively large distance L 
away: 




Experimental evidence shows that the two light beams produced an interference 
pattem, with maxima at Al=mX. and minima at Al=(m-1/2)X. This is shown in the 
diagram (where AI is the difference between the light path lengths). These results 
display similar characteristics of a previous experiment that demonstrated how water 
waves interact with each other (Huyguen’s Principle), producing an interference 
pattem with the maxima and minima in the same areas. 

This concept can be explained by a simple diagram: 
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From these observations it was concluded that light was a wave. 


But we know better than to assume the story ends there... 

The Photoelectric Effect 

Later on, Einstein performed an experiment which disputed the assertion that light is a 
wave. 

The experimental set-up consisted of two oppositely charged metal plates, placed in a 
vacuum tube. We will call the negatively charged piate the emitter and the positively 
charged piate the collector. The positive piate was connected to the positive terminal 
of the battery, which was connected to an ammeter. This is shown in the schematic. 
Light was shone onto the emitter, and if the light was of sufficient energy, electrons 
would be freed from the emitter piate and attracted over to the collector, producing a 
current. 




Before we reveal the experimental results, let’s first discuss what classical physics 
predicts should happen. 

Regardless of the colour (frequency) of the light, if the intensity is high enough the 
electrons should be given enough energy to be freed. If we imagine light as a wave, 
as it hits an electron there should be a gradual (very fast but stili not instantaneous) 
build-up of energy, allowing the electron to be emitted. This corresponds to electrons 










being emitted if the amplitude of the wave is large enough. Let’s take two blue waves 
for example: 
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Secondly, classical physics States that the kinetic energy of the released electron 
should be greater if the amplitude of the wave is bigger. That is, if the energy 
transferred to the electron is greater, it should travel toward the collector piate at a 
higher velocity. So as A goes to qo, KE goes to qo. 

Tums out classical predictions were wrong. 

What actually happened: 

To make the experimental results clearer, we will now flip the battery terminal, so that 
the negative terminal is connected to the collector as shown in the diagram (and as 
was done in the experiment). 
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Note that the electrons in the emitter piate are no longer attracted to the collector, so 
in order for them to pass the gap they must be given a certain threshold energy (Eo). 














The experimental data showed that for an electron to be emitted, the light shone onto 
the emitter had to be of a high enough frequency (you can think of this as 
corresponding to colour). Anything below the threshold frequency (fo) did not 
produce a current, regardless of intensity. 

The only way this observation makes sense is if energy is delivered in discreet 
quanta. Einstein called these packets of light energy photons. The reason for this can 
be explained through a simple analogy: 

Imagine there is a ball in a well as shown. 



If a rock is thrown at it with enough kinetic energy, it will bounce out. 



However if a rock is thrown with a kinetic energy lower than what is needed to knock 
the ball out, it will simply keep rolling up the sides and never be free. Even if we 
throw more rocks at it (increase intensity), if they aren’t of sufficient energy the ball 
will never bounce out. 





Likewise with the electrons on the metal surface, if the frequency of the light 
is below the threshold frequency, the electrons will not receive enough kinetic energy 
to be knocked off the emitter. 

It is also an important observation that although an increase in intensity did 
not correspond to an increase in kinetic energy, when f exceeded fo, a greater intensity 
corresponded to a larger current. This is because each photon interacts with only one 
electron, so more photons simply means more photon-electron interactions. 

The kinetic energy of the electron as it travelled toward the collector is given 
by KE=hf-<p, where h is planks constant, f is the frequency of the light, and q> is the 
work function (cp= hfo, or in other words the minimum amount of energy required to 
knock the electrons off the metal surface). A graph is shown below: 





p 












So here we have the first signs of energy quantization, light acting as a particle and 
the Einstein relation E=hf. 

De Broglie 

After discovering that light (generally thought of as a wave) displayed particle like 
properties, De Broglie made the daring assumption that electrons (classically thought 
of as particles) could perhaps act as waves. 

De Broglie came up with an expression for the momentum (classically a 
property of a particle) of a wave. As photons do not have any mass, he let m p hoton=E/ 
c 2 from Einstein’s E=mc 2 . 
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Experimental evidence of this relation can be seen from the Hitachi Double-slit 
experiment. 











The Hitachi double-slit experiment consists of electrons being shot at a screen 
through two neighbouring slits, separated by a small distance d. Electrons are 
classically thought of as particles, as they have mass, momentum and are localized 
(close to localizable anyway). However, instead of producing two distinet Central 
maxima as classical physics would predict, a difffaction pattem was produced on the 



The wavelength of the electrons was measured using A,=/mv, and it corresponded with 
the calculations of the Central maxima and minima using X=dsin0. 

So confirming De Broglie’s assertion, we now have particle’s displaying wave-like 
properties. 

The most interesting observations about the Hitachi double-slit experiment are as 
follows: 













1. The experiment was repeated, except this time the electrons were shot out one at a 
time. An interference pattem was stili produced. Now, we have concluded thus far 
that wave and particle properties can overlap, but these conclusions in no way explain 
how the electrons can form an interference pattem when they are travelling one at a 
time. After all, what are they interacting with? 

2. To see what was going on, a detector was placed at the entrance of the slits, to 
monitor the path of the electron. When this happened, the electrons began behaving 
as particles ie. They formed two distinet maxima on the screen, as would be expected 
in classical physics. 



These experimental results lead us to our next section and what is often referred to as 
the “heart” of quantum physics. 







The Observer Effect 


The key idea behind the observer effect is that before any system is measured, 
it exists in a superposition of States. Relating this concept back to the Hitachi double- 
slit experiment, we notice that when the electrons are not being monitored, the form 
an interference pattem. But what is the single electron interfering with? The answer 
is the electron is interfering with itself. It is passing through both slits, existing in a 
superposition of States. But, when we observe which path the electron takes, it is 
forced to “choose” which siit it goes through, and no longer interferes with itself. The 
mere act of observing has changed the outcome of the system, and caused the wave 
function to collapse. What do I mean by wave function? This will be briefly 
discussed in the next section, as it will help us to understand some concepts later on. 

Schrodinger’s Cat 

I am considering omitting this section. Please let me knowyour thoughts. 

Schrodinger’s cat is a famous thought experiment, and is being included here because 
in order to go on we need to introduce the concept of a wave function. 

The focus of this experiment is the idea of superposition- an object existing in 
conflicting States simultaneously. 

The Experiment- A cat is placed in a box (as shown below) along with a Geiger 
counter. There is a tiny bit of radioactive substance, which has an equal probability of 
decaying and not decaying in the next hour. If the substance does decay, the counter 
tube discharges and through a relay releases a hammer that shatters a small flask of 
hydrocyanide, killing the cat. 





The quantum physical description of the scenario States that, until you measure the 
outcome of the experiment (open the box and look), the atom exists in a superposition 
of States (decayed and not decayed) meaning that the cat also exists in a superposition 
of States (dead and alive). This of course conflicts with the classical interpretation of 
the scenario, as we are now dealing with probabilities, as we have only a probabilistic 
view of the state of the atom/cat before opening the box. This probability is referred 
to as the wave function. 

The wave function of the atom says it is both decayed and not decayed at the 
same time, because we really cannot predict the outcome either way. Only when we 
measure the outcome (look in the box) do we know for certain the state of the atom, 
causing the wave function to collapse (as we exit the world of probabilities). 

This thought experiment was designed to compare the view of the quantum 
world vs classical world. Classical physics would say the cat is either dead or alive, 
independent of measurement. Quantum physics is saying that the cat exists in a 
superposition of being dead and alive, until we measure it. In other words, the 
outcome of the situation depends on the measurement. 

*Note: From the cat’s perspective, the wave function of the atom never existed. She 
is always certain whether or not the atom has decayed or not (unless she is dead, in 
which case she lacks the capacity to be certain of anything). 

At first, this idea of a wave function and superposition of States may seem like 
merely an interesting way of thinking or more philosophy based than physical. 












However it tums out that its implications are apparent in the physical world. A good 
example of this is the Mach-Zender Inferometer. 

The Mach-Zender Inferometer 


The Mach Zender Inferometer consists of a photon beam being shone into a beam 
splitter (lower left comer). 



The beam splitter is set so there is a 50% chance a photon will take the lower path and 
a 50% chance it will take the upper path. Two mirrors are placed so that they reflect 
the light onto two different detectors (see diagram). 

As would be classically expected, ~50% of photons are detected on each of 
the detectors. This is because “which path” information can be extracted simply by 
monitoring which detector the photon hits. For example, if the photon has landed on 
detector C, it clearly came from the lower path. 


Now, another beam splitter is added just before the detectors: 









It is no longer ciear which path the photon took, regardless of measurement. That is, 
if a photon is again detected on D, this telis us nothing about which path it took, due 
to the second beam splitter. 

Following the predictions from the observer effect, this scenario produces a 
diffraction pattem on the detectors, as the photon chooses both paths and interferes 
with itself. Hence, the mere act of measurement forced the photon to choose a path, 
and changed the behavior of the system (forcing the wave function to collapse). 

A solid application of this experiment is the Elitzur-Vaidman bomb tester. 

The Elitzur-Vaidman Bomb Tester 


This method was used to test whether certain light sensitive bombs were duds or real. 
The procedure was set up as follows: 









A single photon is emitted from the photon beam and has a 50% chance of taking 
either the upper or lower path. The second beam splitter (top-right comer) is set so 
that, if an interference pattem is produced, constructive interference would be 
detected by detector C and destructive interference would be detected by D. This 
means the pattem would show up on C and D would remain blank. The following 
situations can occur. 

If the bomb is a dud- 

If the bomb is a dud, an interference pattem will form, as from the photons 
point of view it is equivalent to there being no bomb there at all. In other words, the 
photon can take either path without giving away any information about which it took. 

If the bomb is real- 

If the bomb is real, two things can happen: 

1. The photon takes the lower path, and the bomb detonates. 

2. The photon takes the upper path, and lands on detector C or D. The photon is now 
forced to choose a path, as by the act of the bomb not detonating, it has given away 












information about which path it took. It can no longer be in a superposition of States, 
as this would mean the bomb both does and does not detonate. 

Remember that if the bomb is a dud, it is impossible that any photons land on detector 
D (destructive interference). Therefore, if a photon is detected on D, we can conclude 
it is indeed real. So 75% of the time we can infer whether a bomb is real without 
detonating it (this is better than nothing!). 

The Heisenberg Uncertaintv Principle 

Closely related to the Observer Effect is the Heisenberg Uncertainty Principle. This 
principle States that the position and momentum of an object can never be known to 
100% accuracy, and is demonstrated below with the single-slit experiment. 





The experiment is much like the Hitachi double-slit experiment, except instead of 
there being two slits there is only one. 

According to the classical definition of a particle, the electrons should ali build up in a 
narrow space on the screen, as that is how particles behave classically. However we 
see an interference pattem, with probabilities of electrons landing in places on the 
screen far outside the width of the siit. We have already asserted this is characteristic 
of wave behavior. 










This demonstration has led us to another important principle related to Quantum 
physics. That is, the Heisenberg Uncertainty Principle, given by 



2 

where Ax is the uncertainty in position, Ap in the uncertainty in momentum, and h is 
h/27i where h is Planck’s constant. Although the above example doesn’t prove these 
exact figures due to some small inaccuracies, the overall idea is the same. 

In short, the Heisenberg Uncertainty Principle States the more we know about the 
position of an object, the less we know about the momentum (or velocity as they are 
directly related by mass) of that object and vice versa. 

Extracting ffom the formula, we can see that Ax and Ap are inverses of each other, or 
“conjugate variables”. 

We will now examine the characteristics of waves and particles in more detail, and 
see how the Heisenberg Uncertainty Principle arises from these properties. Waves are 
very spread out: 
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and particles are very localized: 


• x 








If an electron were somewhere in the vicinity of the wave, this does not really help us 
to find the position of the electron as the wave is infinite. Thus Ax is infinite (or 
extremely close to infinity). However, remember that p=h/X, so as there is only one 
wavelength present, we are certain about the momentum of the electron. 


Now let’s see if we can try and localize the wave. We can do this by adding multiple 
sine waves together: 



The resultant wave is large within only a small region of space, so we have somewhat 
localized our wave, and now have a better idea of where the electron might be. 
However, we have now lost information about our momentum as we have used 
multiple wavelengths. Therefore, to obtain information about the position of the 
electron we must trade information about the momentum of the electron and vice 
versa. 

This is just a simple example to demonstrate the underlying meaning behind the 
Heisenberg Uncertainty Principle. A more formal example is shown below. 
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So why is this Principle not apparent in everyday life (or the classical scale)? 
Well: 

p=mv and Ax Ap > h/2 , which gives Ax > h/2mAv 

So from this relation we conclude that for large masses (macroscopic objects) the 
uncertainty in position if practically negligible. However, on the quantum scale 
where masses become very small, the uncertainty in x becomes more significant. 

Prohahilitv Pensities 


Although we cannot know with exact precision where the particle is, we can 
know the probability of it being in a certain area. Take for example the square wave 












from the previous page. We see that when x<0 and x>n, there is zero probability the 
electron will be found as there is zero area under the curve. However, when 0<x</r 
the electron has an equal probability of being found for all values of x. Note that 
because the electron must be somewhere in the vicinity of 0<x<tt, the sum of all the 
probabilities of the x coordinates must be 1. 

So how do we go about finding these probability densities? We will now introduce 
the Schrodinger equation. 

The Schrodinger eciuation 

In Quantum mechanics, the information about the system is contained in the solution 
to the Schrodinger equation, where the square of the function is interpreted as the 
probability density. It telis us virtually everything we need to know about the system, 
and is derived below (in one dimension): 
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As a close to this paper, a mathematical example will be demonstrated to put into 
practice all the ideas previously discussed. 
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I want to go on further here to the expanding box to demonstrate the probability 
densities, but I am stili figuring out how to do it. 

Feedback is appreciated, plus it would be super helpful if you could grade this just so 
I know where I’m at. 

Thanks Mike. And thanks for teaching us all throughout the semester. You were 
great. 









